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The exploitation of nanosized materials for the delivery of therapeutic agents is already a clinical reality and still holds unrealized potential for the treatment of a variety of diseases. This review discusses physiological barriers a nanocarrier must overcome in order to reach its target, with an emphasis on cancer nanomedicine. Stages of delivery include residence in the blood stream, passive accumulation by virtue of the enhanced permeability and retention effect, diffusion within the tumor lesion, cellular uptake, and arrival at the site of action. We also briefly outline strategies for engineering nanoparticles to more efficiently overcome these challenges: Increasing circulation half-life by shielding with hydrophilic polymers, such as PEG, the limitations of PEG and potential alternatives, targeting and controlled activation approaches. Future developments in these areas will allow us to harness the full potential of nanomedicine.
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1. INTRODUCTION

In the ever-continuing arms race between medical researchers and the ailments they are trying to tackle, nanotechnology has emerged as a useful ally. A nanoparticle (NP) is an object with dimensions in the nanometer range (Figure 1). A nanocarrier is a nanoparticle utilized for the transport of a cargo, for instance a therapeutic molecule. The diversity of available nanoparticles for drug delivery is considerable and includes polymeric nanoparticles, dendrimers, carbon nanotubes, quantum dots, metallic nanoparticles or lipid-based systems, such as micelles or liposomes (Hughes, 2005; Cho et al., 2008; Bogart et al., 2014; Matea et al., 2017). Liposomes were first described by Bangham et al. (1965) and would eventually prove to be a promising candidate for the encapsulation of therapeutic molecules. In fact, the first nanoparticulate drug to be approved by the US Food and Drug administration (FDA) has been Doxil (marketed as Caelyx outside the US) (Barenholz, 2012), a liposomal formulation of the cytostatic agent doxorubicin. Several liposomal drug products are now in clinical use (Bulbake et al., 2017), many of which are intended for the treatment of cancer, and new ones continue to reach approval status. In 2015, the FDA approved Onivyde (liposomal irinotecan) for the use in metastatic pancreatic cancer, a disease with a dismal prognosis for affected patients. The phase 3 trial showed an (albeit moderate) extension of overall survival (Wang-Gillam et al., 2016) that was confirmed in a recent follow-up study (Wang-Gillam et al., 2019). In 2017, Vyxeos (liposomal synergistic combination of daunorubicin and cytarabin) was approved for acute myeloid leukemia (Lancet et al., 2018). Innovative liposomal formulations also make their mark in disciplines other than oncology: Arikayce (liposomal amikacin) was FDA-approved in 2018 for the management of non-tuberculous mycobacteria infection (Griffith et al., 2018)—however, the application in Europe was withdrawn in 2016 (with intent to resubmit) after data from a phase 2 trial failed to convince the European Medicines Agency (EMA) of the drug's benefits. Also in 2018, a vaccine was approved for the prevention of Herpes Zoster in older patients, which contains a liposomally formulated adjuvant (Shingrix).
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FIGURE 1. Size comparison of nano- and microscale structures. Shown to the bottom left is the skeleton structure of doxorubicin, a typical cargo molecule for nanoparticle formulations, with a size of ~1.5 nm. Adjacent to this small molecule, a typical antibody molecule (height of ~10 nm) is shown next to a small unilamellar liposome with a diameter of 100 nm. The diameter of the bacterium S. aureus is ~1 μm, and that of a human erythrocyte is ~8 μm.


These examples highlight the potential of nanoparticulate formulations in general, and liposomally encapsulated drugs in particular. They also illustrate the breadth of applications (potential and actual) for these types of therapeutics, which is supported by an exhaustive overview of nanoparticles either approved clinically or undergoing clinical trials (Anselmo and Mitragotri, 2016, 2019).

This review aims to highlight the challenges faced by such formulations during their journey toward their destination and what strategies have been devised to try and circumvent these obstacles, with a focus on cancer therapy. Previous excellent reviews have considered related issues. For instance, Blanco et al. reviewed biological barriers to nanoparticle delivery, highlighting the influence of the physicochemical and geometric properties of nanoparticles (Blanco et al., 2015). Yu et al. considered numerous nano-scaled delivery devices with a focus on protein delivery and topical delivery modalities (Yu et al., 2016). This work is supposed to complement them with recent findings and developments of the last years. In particular, important progress has been made in attempts to quantitatively understand the processes leading to nanoparticle delivery and internalization. When examples are given for principles of nanoparticle design, we furthermore focused on systems which were efficacious clinically or at least in mammalian model organisms (as opposed to cell culture assays alone), whenever possible.

To illustrate the underlying principles, we will follow an injected nanoparticle from the site of injection toward the site of action. We first summarize the basis of the enhanced permeability and retention (EPR) effect and highlight its heterogeneous nature. We then shift the focus from the physiology of the disease to the characteristics of the nanoparticle and discuss shielding strategies, which are required to confer long half-lives on nanoparticles in order to exploit the EPR effect and allow arrival at the tumor. Furthermore, we consider options for stimulus-responsive designs of nanocarriers to maximize their capability of reaching (and interacting with) their target cells. Finally, we give an overview about targeting modalities to direct nanoparticles to their destined target cells within the tumor tissue and their intracellular sites of action.



2. CANCER NANOMEDICINE: FROM INJECTION TO TUMOR

A large amount of effort is being expended to enable and advance the application of nanotechnology-based drugs for the treatment of cancer. To exert their intended effect and eliminate malignant cells, these agents, like any drug, must first and foremost be capable of reaching the site of the lesion. A frequently cited, yet controversially discussed concept in research aimed at developing new nanocarriers for oncological treatments is the so-called enhanced permeability and retention (EPR) effect (Rosenblum et al., 2018). The term was coined by Matsumura and Maeda (1986) and describes the tendency of macromolecules and nano-sized-particles to accumulate in neoplastic tissues, therefore facilitating passive targeting without the need for additional modifications of the carrier.


2.1. The Pathophysiological Basis of the EPR Effect

The underlying fundamental process toward the establishment of the EPR effect is neovascularization of the tumor tissue, an occurrence that was labeled as one of the hallmarks of cancer (Hanahan and Weinberg, 2011). It results in the sprouting of new vessels which are, however, of inferior quality compared to healthy vessels. The wall of regular capillaries is primarily made up of endothelial cells, which contain the blood flow toward their luminal side. In most tissues, endothelial cells are connected by tight junctions. In some specialized tissues (such as the kidney glomeruli, endocrine glands or the intestine), the endothelial wall is punctured by fenestrae, small pores of ~60 nm in diameter covered by a negatively charged glycocalyx. The capillaries of the liver and bone marrow feature larger transcellular pores in the endothelial cells, allowing exchange of serum proteins with the interstitium, but this process is highly regulated (Stan, 2007). In the spleen, the capillaries display true intercellular gaps which allows extravasation of erythrocytes and requires them to be deformable enough to re-enter the venous system, filtering out aged and rigid cells (Mebius and Kraal, 2005).

As a tumor continues to grow, its demands increase regarding the acquisition of oxygen and nutrients on the one hand, and the expulsion of waste products on the other. Simultaneously, the distance to the nearest capillary increases. A normoxic environment persists in a radius of ~100 μm around a vessel (Fang et al., 2008), with hypoxia becoming increasingly prevalent as the distance increases further. The hypoxia-inducible factor 1 (HIF-1) is a dimeric transcription factor, consisting of HIF-1α and HIF-1β (Eales et al., 2016). As O2 levels decrease, HIF accumulates and induces transcription of its target genes, which includes the vascular endothelial growth factor (VEGF) family. The VEGFs are key players during angiogenesis, but by no means the only one. In tumors, the finely balanced microenvironment of angiogenic factors is disrupted, VEGF is not only upregulated by HIF via hypoxia, but also via the activation of oncogenes (Dvorak, 2003), resulting in aberrant vessels that are highly heterogeneous and differ from normal vessels in several important aspects (Less et al., 1991; Nagy et al., 2010; Azzi et al., 2013).

The induced vessels display gaps in between the endothelial cells (Hashizume et al., 2000) and are less selective regarding the permeability of particles. Around tumor vessels, the sheet of pericytes [a heterogeneous cell type which surrounds healthy vessels and is important for their proper functionality (Armulik et al., 2005; Attwell et al., 2016)] is not necessarily completely absent. However, their association with the endothelial wall is loose and their morphology differs from regular pericytes by the presence of protrusions away from the vessel wall, which are not seen in their regular counterparts (Morikawa et al., 2002). Likewise, the basal membrane of these vessels is compromised and differs in thickness, compactness and its cellular association (Baluk et al., 2003; Kalluri, 2003).

Additionally, tumors are frequently also sites of chronic inflammation to which a diverse array of different leukocytes is recruited (Hanahan and Weinberg, 2011; Coussens et al., 2013). They contribute to the production of tissue mediators of inflammation, which act on blood vessels to increase their permeability, further increasing leakiness, and agents modulating the relevant pathways can be used to modulate the EPR effect (Wu et al., 1998; Maeda et al., 2000).

These irregularities contribute to an inadequate blood supply of the tumor, creating a hypoxic and acidic milieu. They also account for the enhanced permeability component of the EPR effect and allow extravasation of macromolecules and particles up to ~400 nm in size due to increased leakiness (Gerlowski and Jain, 1986; Yuan et al., 1995), but depending on the tumor type, this cutoff can be larger or smaller (Hobbs et al., 1998).

The second component, the enhanced retention, is a consequence of the aberrant lymphatic architecture (Stacker et al., 2014). Although metastatic spread frequently occurs by means of lymphatic dissemination, this appears to be mediated by lymphatic vessels in the periphery of the tumor mass, whereas internal vessels tend to collapse under the high tissue pressure (Leu et al., 2000; Padera et al., 2002). Consequently, tissue homeostasis within tumors is disrupted, and previously extravasated particles are not efficiently funneled back into the blood via lymphogenic transport through the ductus thoracicus (Noguchi et al., 1998).

Although the effects mentioned above were initially described in a static context, the tumor vasculature and the EPR effect appear to be subject to dynamic changes, as vents within the vessels open transiently to allow efflux of fluid into the surrounding tissues (Matsumoto et al., 2016). For larger particles, these events, termed eruptions, may be the only chance to leave the vessel lumen, and therefore allow them fewer opportunities to re-enter the circulation the way they left it, resulting in their entrapment (Ngoune et al., 2016).

In sum, both aspects (enhanced permeability and enhanced retention) can result in accumulation of particles, given sufficiently long circulation times of the particles in question for this process to take place.



2.2. Magnitude and Heterogeneity of the EPR Effect

Cancer is a generic term for the description of a large and heterogeneous class of diseases. The National Cancer Institute lists almost 200 types of cancers on their website. Likewise, the alterations described above are highly heterogeneous, within and between tumors, and the EPR effect cannot simply be generalized as a feature of all cancers (Maeda, 2015; Danhier, 2016). For less well-vascularized lesions, the efficiency of accumulation tends to be higher for small particles, whereas the influence of particle size diminishes as the lesion vascularization and leakiness increase (Cabral et al., 2011).

Broadly, many different factors influence the unique prevalence of the EPR effect in a given lesion, including the tumor type and stage, the characteristics of the individual patient under consideration, as well as the location of the tumor and local properties in different zones of a tumor. For example, for Kaposi's sarcoma (KS), a sarcoma of vascular origin (Radu and Pantanowitz, 2013), doxorubicin levels in the lesion area were higher after treatment with Doxil compared to non-PEGylated doxorubicin (Northfelt et al., 1996) [but overall survival was not improved (Northfelt et al., 1998; Cooley et al., 2007; Udhrain et al., 2007)]. Contrary to KS, pancreatic adenocarcinomas tend to be hypovascular (Sofuni et al., 2005; Olive et al., 2009), potentially hampering the EPR effect [yet, a combination therapy of Onivyde plus 5-fluorouracil and leucovorin moderately improved overall survival in patients of metastatic pancreatic cancer (Wang-Gillam et al., 2016)]. Additionally, the features of the particle used to investigate the EPR effect will influence conclusions, and findings from laboratory animals are not necessarily transferable to the situation in humans (Figure 2).
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FIGURE 2. Heterogeneity of the EPR effect. The EPR effect is a very heterogeneous phenomenon. Its presence and magnitude depend on the type of tumor under consideration, whether the lesion is of primary or metastatic origin and on the characteristics of each individual patient. Additionally, in which host tissue a lesion resides and where it is located is influential as well. Within a given tumor, accumulation of nanoparticle therapeutics may be heterogeneous owing to internal tissue composition and characteristics. Different types of particles are likewise heterogeneous in their behavior, owing to variations in, for instance, size, shape, charge or material. Most preclinical research is performed in small rodents, however, the species under investigation will also affect the EPR effect.


In a comprehensive meta-analysis, the reported accumulation of nanoparticles in preclinical tumor models was analyzed and presented in terms of % injected dose (%ID) (Wilhelm et al., 2016). The published data (available from the paper's supplementary materials and the Cancer Nanomedicine Repository, http://inbs.med.utoronto.ca/CNR) also provides quantification of accumulation with a target quantity of % injected dose per g of tissue (%ID/g), which was investigated here to facilitate comparison with other studies. This revealed that the median accumulation, normalized to tissue mass, was highest for pancreatic tumors (5.8 %ID/g, range 1.8–13.4) and lowest for lung tumors (1.1, 0.04–45.8). This observation stands in apparent contradiction to the aforementioned hypovascular characteristic of pancreatic cancers. However, as outlined above, a multitude of other factors, such as particle characteristics or the type of tumor model also influences tendencies of accumulation. For example, in their original investigation, Wilhelm et al. conducted a multivariate analysis over their full dataset, in which p-values for the effect of particle diameter and tumor model on delivery efficiency (%ID) were not significant individually (>0.05), but the interaction of both terms was. These observations and trends illustrate the heterogeneity of the EPR effect even in rodent models, for which it is generally well-accepted.

A large fraction of the injected dose is sequestered by tissue-resident macrophages before it can accumulate in the tumor tissue, and very small particles (below ~5 nm in diameter) may also be cleared in the kidneys (Figure 3). When the macrophage populations of the liver and spleen were depleted by pretreatment with clodronate liposomes, the fraction of particles found in the liver and spleen were reduced or increased, respectively (Tavares et al., 2017). Concomitantly, plasma half-life and tumor accumulation of gold nanoparticles both increased significantly. However, although a large relative increase compared to the non-depleted condition was found, absolute accumulation of particles in the tumor still did not exceed 2% ID, emphasizing that premature clearance by macrophages is not the only mechanism preventing efficient accumulation. Overall, the effects of macrophage depletion were found to be polymorphic for the different xenografted tumor models of human origin used by the authors: in an orthotopic MDA-MB-435S (melanoma) model, no increased tumor accumulation (in terms of % injected dose) was observed. In the orthotopic MDA-MB-231 (mammary adenocarcinoma), the heterotopic SKOV3 (ovarian adenocarcinoma) and the heterotopic A549 (lung carcinoma) models, a 20-fold increase was observed, whereas a 100-fold increase was achieved in the orthotopic PC3 (prostate carcinoma) model.
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FIGURE 3. Systemic clearance of nanoparticles. Following intravenous injection, nanoparticles are distributed systemically through the bloodstream. They reach the liver and the spleen, where tissue-resident macrophages (called Kupffer cells in the liver) sequester a large portion of the administered dose. Nanoparticles small enough to pass the glomerular filter (below ~5 nm) are excreted in the urine. Remaining nanoparticles have the opportunity to accumulate in tumor tissues.


Small animal models are useful for characterization of the EPR effect and verifying the efficacy of new nanotherapeutic formulations, but the situation is even more complicated and inadequately understood for larger animals and humans. More recently, quantification attempts of long-term accumulation have been made. In a study with dogs,64Cu2+-labeled liposomes with a lipid composition equivalent to Doxil were used to quantitatively measure their deposition in various cancers by Positron Emission Tomography (PET) and Computed Tomography (CT) (Hansen et al., 2015). Liposome uptake in tumors increased from 1 to 24 h in 6 out of 7 carcinomas, but not in sarcomas. One of the dogs had metastases in the lung and axillary lymph node, in which liposome accumulation occurred. The achieved concentrations 24 h after administration ranged between 0.0048 and 0.0231 %ID/g for the carcinomas, and between 0.0011 and 0.0038 %ID/g for the sarcomas.

64Cu2+-based PET imaging was also used in a clinical study involving MM-302, a PEGylated liposomal formulation of doxorubicin with targeting activity toward HER2 (a growth factor receptor overexpressed in many mammary carcinomas) for the treatment of breast cancer (Lee et al., 2017). Tumor deposition was heterogeneous both within lesions of the same patient and between patients, and varied between ~0.001 and 0.01 %ID/g on day 2 after administration. A correlation between lesion size and carrier accumulation was not found. Deposition also occurred in normal liver, spleen and bone marrow, but not in other normal tissue, such as muscle.

Comparing the quantitative data of accumulation obtained from preclinical (rodent) studies (Wilhelm et al., 2016) and veterinary and human clinical observations (Hansen et al., 2015; Lee et al., 2017), a large discrepancy between both branches is evident, with rodent tumor models displaying a manifold higher uptake. This highlights the difficulty in translating observations from currently widely used investigative tools to the clinic due to profound differences in the underlying biological processes, such as the rate of growth or the size of malignancies relative to the host. Both of these are excessive in rodent models (Lammers et al., 2012a; Danhier, 2016). However, it has also been noted that focusing exclusively on the extent of accumulation omits other crucial parameters for the evaluation of drugs, such as their pharmacokinetic and toxicological properties, which can contribute to positive clinical outcomes, for instance by prolonging the exposure time to the compound (McNeil, 2016).

A big unmet need in cancer medicine is the effective extermination of metastases. In secondary lesions, the EPR effect will likely only be present in nodules that exceed the size threshold above which vascularization becomes a necessity, and will probably be equally heterogeneous. Although the physiological processes of abnormal vessel development underlying the EPR effect could be observed even in the initial phases of tumorigenesis (Hagendoorn et al., 2006), early and small lymphogenic metastases were not efficiently targeted by >150 nm liposomes (Mikada et al., 2017). However, 30 nm polymeric micelles loaded with a platinum complex suppressed lymph node metastases in a melanoma model, suggesting only a low grade EPR effect in these nodules (Cabral et al., 2015). In larger lesions, the EPR effect may eventually become significant, as exemplified by the efficiency of a pirarubicin-polymer against metastatic lung cancer (Tsukigawa et al., 2015) and the deposition of 64Cu2+-labeled liposomes in secondary lesions (Lee et al., 2017).

The specific tumor microenvironment affects extravasation of nanoparticles to a large extent, but the inverse may also be true. Recently, inorganic TiO2 nanoparticles were shown to promote gaps in between endothelial cells (Setyawati et al., 2017; Tay et al., 2017) and facilitate subsequent extravasation of cancer cells from the primary lesion to form metastases (Peng et al., 2019). Additionally, it has been suggested that liposomes not loaded with drug molecules may promote tumor growth and angiogenesis (Sabnani et al., 2015). Whether these are generalizable observations and whether they hold true for different types of inorganic or organic nanoparticles is presently unclear, but these questions are of potentially profound impact to the field of nanomedicine.

Thus, although the EPR effect is a reality in clinical settings, it is far from a simple manner and warrants critical evaluation (Figure 2). Exploiting it effectively remains a complicated challenge and will likely require individually tailored strategies in the clinic (Lammers et al., 2012b). Pharmaceutical interventions for enhancement of the EPR effect have been proposed (Fang et al., 2011), for instance by administration of hypertensive agents, such as angiotensin-II or by increasing vessel leakiness via NO-releasing compounds (such as nitroglycerine, which is used for the management of angina pectoris). On the other hand, inducing maturation of tumor vessels, for instance by inhibition of the VEGF signaling cascade, was reported to improve delivery of small and intermediately sized nanoparticles up to 40 nm to tumor tissue (Chauhan et al., 2012; Jiang et al., 2015) due to a reduction in the interstitial pressure and consequent dominance of convection over the less efficient diffusion (see next section). However, the effect on larger particles (above 60 nm) was minimal (Chauhan et al., 2012), because normalization reduced pore sizes and prevented extravasation of larger particles. Interestingly, in another report, normalization of highly aberrant vasculature by sorafenib (a kinase inhibitor, acting on the VEGF-induced signaling cascade) increased tumor retention of FITC-Dextran with a hydrodynamic diameter of ~50 nm. Conversely, the same inhibition in a tumor with vessels closer to the healthy state did reduce retention (Kano et al., 2009).

It has been suggested to use empty, non-drug loaded tracer particles, e.g., 64Cu2+-labeled liposomes, for estimation of the EPR effect for the individual patient in order to gauge potential therapeutic efficacy of a nanocarrier (Lee et al., 2018). However, this approach might in practice be hampered by the accelerated blood clearance (ABC) phenomenon, in which PEGylated nanocarriers are cleared more rapidly from the circulation upon repeated administration (Ishida and Kiwada, 2008; Abu Lila et al., 2013).



2.3. Distribution of Nanoparticles in the Tumor Mass

After extravasation, the nanoparticles have not yet arrived at their final destination (Figure 4). They must be capable of maneuvering within the tumor mass to reach their target cells, a task made challenging by the difficult to navigate microenvironment of the tumor. One of the culprits is the high interstitial pressure in tumor tissue, to the elevation of which several factors contribute: Malignant cell proliferation results in an increase in cell mass, the overproduction of extracellular matrix components leads to fibrosis, and fluid pressure increases due to the leaky vasculature and the impaired lymphatic drainage (Chauhan et al., 2011). The increased interstitial pressure in tumor tissue diminishes the pressure gradient from circulation to tissue, especially in the central region of the lesion (Tong et al., 2004), where the lymphatics are more likely to be collapsed (Leu et al., 2000; Padera et al., 2002, 2004). This hampers convective transport processes and emphasizes undirected diffusion. Thus, all therapeutics achieve a slower net mass transport, contributing to their inefficient distribution in the tumor tissue, but this is especially problematic for nanoparticles due to their relatively larger sizes compared to free drug molecules, rendering their diffusion less efficient (Lane et al., 2015).
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FIGURE 4. Journey of a nanoparticle toward its site of action. After arriving in a tumor tissue, a nanoparticle must first overcome the often dense interstitium before it can attach to the surface of a cancer cell (potentially with the aid of a targeting ligand). Uptake can occur via a variety of pathways (not shown), but frequently leads to arrival in the endosomal compartment. From here, the nanoparticle may enter the recycling pathway and undergo exocytosis, be routed toward lysosomal degradation or achieve release into the cytoplasm. Even then, autophagy may still lead to degradation, or the particle (or its cargo) may arrive at its site of action and perform its function.


Centrally, the organization of extracellular matrix components, such as collagen or hyaluronic acid is also much more dense than in the periphery: Even within a few (1–2) millimeters from the surface of a murine B16 melanoma model, the diffusion capacity of macromolecules was substantially (up to several 100-fold) decreased compared to more superficial regions (Magzoub et al., 2007). This heterogeneity within one tumor is expanded by another layer of complexity in differences of diffusion for tumors of the same type, but at different localizations: When tumors derived from a glioblastoma or a melanoma were induced in mice, diffusion of macromolecules or liposomes was faster in tumors implanted at a cranial site compared to a dorsal site (Pluen et al., 2001).

Likewise, the distance that must be crossed also varies by tumor type (Smith et al., 2013): Based on the location of vessels, they were classified as “tumor vessels” (located close to cells) or “stromal vessels” (embedded within the stroma). For tumors rich in stromal vessels, diffusion distances to reach a target cell would be higher. This included colorectal, lung, prostate, and breast cancer model tumors, whereas vessels were closer to cells for renal, ovarian, hepatic, and thyroid cancers, as well as for a type of head and neck cancer and a glioma.

Recently, Zinger et al. proposed to utilize collagenase-loaded liposomes with slow release characteristics as a pretreatment to reduce the fibrotic character of pancreatic tumors and improve the delivery of secondary therapeutics (Zinger et al., 2019). They showed higher tumor weight reductions with the pretreatment and micellar paclitaxel, compared to micellar paclitaxel alone.




3. SHIELDING STRATEGIES TO IMPROVE CIRCULATION HALF-LIFE

For a therapeutic nanoparticle to be of use in vivo, it has to circulate for a sufficiently long time to reach its target and fulfill its intended function. This is especially important for carriers intended to exploit the EPR effect, in light of its apparent discontinuous and inefficient nature (Matsumoto et al., 2016), in order to give the agent ample time for accumulation to occur. To confer long half-lives on nanoparticle formulations or proteins administered with a therapeutic intent, conjugation to polyethylene glycol (PEG) is by far the most common approach (Jokerst et al., 2011; Suk et al., 2016). The bulky, hydrophilic polymer increases the plasma half-life of modified particles by preventing excretion via the kidneys and blocking efficient uptake by phagocytic cells (Gref et al., 2000), in effect shielding them. The diminished cellular interaction is not exclusively due to steric hindrance. Upon exposure to biological fluids, nanoparticles acquire a new physicochemical identity due to the deposition of a dynamic layer of biomolecules on their surface, a process termed fouling which results in the establishment of a biocorona. It includes immunoglobulins, components of the complement system (Vu et al., 2019), coagulation factors and a plethora of other molecules, which fundamentally influences how cells perceive the coated particles (Giulimondi et al., 2019). It is now becoming increasingly appreciated that PEG alters the composition of the biocorona, which consequently influences cellular interactions and uptake modalities (Pelaz et al., 2015; Schöttler et al., 2016; Weiss et al., 2019). Notably, PEGylation is not a guaranteed way to raise biocompatibility, but its effect depends on the underlying material. For instance, PEGylation of two-dimensional graphene oxide nanosheets actually increased the cytokine levels secreted by challenged macrophages by facilitating diffusion and lodging within the cell membrane with subsequent activation of pro-inflammatory receptors (Luo et al., 2017).


3.1. Adverse Reactions to PEG

For many applications, PEG is generally considered biocompatible, safe and is successfully used clinically in many approved products (Webster et al., 2007, 2009; Jevševar et al., 2010). There is no doubt that PEG has made its mark on the market and is here to stay, however, it is not biologically inert and suffers from a number of issues. For instance, PEG is not biodegradable and has been shown to accumulate in the cytoplasm of renal cells, forming vacuoles whose impact on cell and organ function is unclear, but which may be of significance in the case of chronic applications (Bendele et al., 1998; Rudmann et al., 2013). Moreover, PEG may be more immunogenic than previously thought. Antibodies against PEG can be found after administration of PEGylated therapeutics, but also in more than 20% of naive healthy blood donors (Garay et al., 2012), as well as in naive pigs, with a potential source for priming being PEG contained in foods (Kozma et al., 2019). PEGylated asparaginase (PEG-ASNase) is used as a treatment for acute lymphoblastic leukemia. In a retrospective analysis of patient serum samples, the presence of anti-PEG was measured. In all of the samples in which anti-PEG could be detected, PEG-ASNase activity was undetectable, suggesting interference of these antibodies with the treatment (Armstrong et al., 2007). Considering the aforementioned potentially high prevalence of anti-PEG in the general population, such effects may be of considerable concern for the widespread use of PEG-modified nanocarriers. Apart from confounding treatment success, more immediately harmful effects were also seen: Hypersensitivity reactions were reported with PEG-containing therapeutics (Wenande and Garvey, 2016), both for PEG alone (used for instance for its laxative properties or as an excipient) or for bioconjugate products. Likewise, infusion reactions are prevalent for Doxil (Szebeni et al., 2002; Chanan-Khan et al., 2003). They occur in ~11% of patients and vary in their intensity, ranging from flushing to anaphylactic shocks (Janssen Products, 2019). However, not all of these events must necessarily be attributable to PEG, since infusion reactions also occur for un-PEGylated nanomedicines (Szebeni et al., 2018).

The immunological response against PEG appears to be responsible for the aforementioned ABC phenomenon, thus hampering individual evaluation of the EPR effect with empty liposomes on a per patient basis. The first administration of PEGylated nanocarriers causes a priming effect with induction of IgM antibodies which have an opsonizing activity for subsequent doses, resulting in activation of the complement system and rapid clearance (Abu Lila et al., 2013; Kozma et al., 2019). The ABC phenomenon appears to be less pronounced or absent in liposomes containing cytotoxic drugs, because rapid elimination of injected liposomes was only observed when their administration was preceded by another dose of empty PEGylated liposomes, but not of doxorubicin-loaded liposomes (Laverman et al., 2001). Toxic effects of the loaded drugs on macrophages (Laverman et al., 2001) or splenic B cells (Ishida et al., 2006) have been suggested to be responsible for this observation. Concerning the situation in human patients, in a small clinical study with 12 participants involving three cycles of Doxil treatment, no increasing clearance was observed (La-Beck et al., 2012).



3.2. Alternatives to PEG

There are multiple approaches under investigation to reduce PEG-associated immunity. For instance, it was shown that the incorporation of gangliosides (a type of glycolipids natively present in cell membranes) into PEGylated liposomes reduced production of anti-PEG IgM in challenged mice, but only when both ligands were presented on the same particle (Mima et al., 2017). When these ganglioside-containing PEGylated liposomes were administered as a pretreatment, they also reduced anti-IgM production upon subsequent treatment with PEGylated liposomes without gangliosides. This raises the potential for upgrading PEG-containing therapeutics—nevertheless, there is an extensive body of research on other shielding polymers.

Synthetic hydrophilic polymers used for the extension of circulation half-life include poly(N-[2-hydroxypropyl] methacrylamide) (HPMA), poly(vinylpyrrolidone) (PVP), poly(2methyl-2-oxazoline) (PMOX), poly(N-acryloyl morpholine) (PAcM), and poly(N,N-dimethylacrylamide) (PDMA). When the half-life extensions of liposomes grafted with these compounds were evaluated in a comparative study, PMOX and PEG were found to have the largest effect (Kierstead et al., 2015). However, the authors note that an optimization of chain length and grafting had not been performed for polymers other than PEG, suggesting their performance may be improved. Notably, shielding efficiency was correlated to polymer viscosity, and the two most viscous polymers (PEG and PMOX) were the only ones to induce the ABC phenomenon in this study. However, a causality of this observation was not shown, and it is thus only based on correlation.

A promising biological alternative to PEG is PAS: PAS is a heteropolymeric amino acid sequence incorporating the three monomers proline, alanine and serine (Schlapschy et al., 2013). These amino acids adopt an unfolded disordered conformation if assembled in a suitable manner, thus exposing the hydrophilic polypeptide backbone (with only a minor contribution of the serine hydroxy group to the overall hydrophilicity) (Breibeck and Skerra, 2018). One PAS unit consists of ~20 monomers, and multiple PAS repeats can be chained to increase the shielding effect. The resulting polymeric sequence has biophysical properties which are similar to those of PEG, conferring an increased hydrodynamic radius on its fusion partners. As with PEG, this property varies with chain length, and a 400 residue PAS sequence is approximately equivalent to a 30 kDa linear PEG chain in its elution characteristics from a size exclusion matrix (Breibeck and Skerra, 2018).

Because PAS is an amino acid sequence, it can be genetically encoded. This obviates the need for post-translational chemical conjugation of therapeutic proteins, which carries the disadvantageous potential to alter their activity. Moreover, whereas preparations of PEG are polydisperse due to their synthesis, PAS is produced by the highly precise cellular machinery, reducing heterogeneity. From an economical point of view, PASylation likewise offers attractive prospects: Expensive raw materials are not necessary, and additional purification steps after conjugation, which reduce yields and are costly in themselves, are not required.

PAS has been used in vivo to extend the circulation half-life of proteins, for example of somatotropin (human growth hormone, hGH) (Schlapschy et al., 2013), antibody fragments (Mendler et al., 2015), leptins (Morath et al., 2015; Bolze et al., 2016), and interferon (Xia et al., 2019). For the hGH-PAS fusion protein, the immunogenicity of PAS was investigated—while antibodies against hGH-PAS did arise, epitope mapping revealed these were not reactive toward the PAS chain, but against epitopes of hGH, and no cross-reactivity to other PASylated proteins was found. However, given that antibody responses against multimeric epitopes are often strong due to their structural similarity to viral capsids (Bachmann and Zinkernagel, 1996; Yankai et al., 2006; Ogun et al., 2008), and in light of the inherent limitations of animal models for the investigation of immunogenicity, it is conceivable that antibodies against PAS or other immunological phenomena may be found if it is used in clinical practice. Nevertheless, data so far indicated that PAS was well-metabolizable and did not result in histological irregularities in the liver, spleen or kidneys of mice (Schlapschy et al., 2013).

PAS may also be an option for modification of nanoparticulate formulations other than therapeutic proteins. A protein nanocage composed of the ferritin heavy chain (HFt), utilized for the entrapment of doxorubicin, was PASylated by fusing its constituent monomers to 40 or 75 residue PAS sequences (Falvo et al., 2016). The PASylated variants showed chain-length dependent extended plasma half-lives of the entrapped doxorubicin in intravenously injected mice.

Polysarcosine (PSar) is a polymer of sarcosine (N-methylated glycine, an intermediate of glycine metabolism) in which tertiary amide bonds in the backbone confer resistance to proteolytic degradation compared to conventional peptides (Miller et al., 1995). Similar to PEG, PSar could be conjugated to lipids, potentially allowing the generation of PSar-protected liposomes and micelles (Weber et al., 2016). When PSar was grafted on a TiO2 sheet, it reduced the amount of fibrinogen associated with the surface and prevented the attachment of mammalian and bacterial cells (Lau et al., 2012). In another study (Hu et al., 2018), interferon 2β was modified either with a 12 kDa PSar chain, or a 10 kDa PEG chain, which resulted in similar hydrodynamic radii and almost identical plasma half-lives. Accumulation in tumors of a murine OVCAR3 (ovarian carcinoma) model was slightly higher for the PSar-modified variant, culminating in an increased inhibition of tumor growth after 25 days, whereas liver deposition was lower. Data also suggested that less anti-IFN IgG was produced in response to PSar-IFN, but antibodies against PSar proper (i.e., antibodies binding directly to PSar) were not assessed. A block-copolymer consisting of poly(L-lactic acid) and PSar (lactosome) showed accumulation in murine tumor models of orthotopic hepatic and lung carcinomas, and a heterotopic pancreas carcinoma (Makino et al., 2009). However, upon repeated administration, lactosome was prone to an ABC phenomenon and was cleared rapidly from the circulation by hepatic sequestration (Hara et al., 2012). This metabolic clearance correlated with production of IgM and IgG3 which bound to PSar and persisted for 6 months after the first administration. Furthermore, the immunogenicity of PSar was found to vary with the type of particle (polymeric micelles or vesicular), the hydrodynamic diameter and the membrane elasticity (Kim et al., 2017).

An entirely different strategy to confer the ability to avoid rapid clearance on nanoparticles relies on the exploitation of the naturally occurring membrane composition of red blood cells (RBCs): RBCs were lysed, their membrane fraction was collected and subsequently grafted onto poly(lactic-co-glycolic acid) (PLGA) nanoparticles by passing the membrane suspension together with the particles through an extrusion device with a pore size of 100 nm. Following this treatment, the nanoparticles were covered in the RBC membrane and displayed increased in vivo half-life compared to conventionally PEGylated PLGA nanoparticles (Hu et al., 2011). In a subsequent study, the authors showed that this property was to some extent dependent on the presence of CD47 on the membrane surface, a glycosylated transmembrane protein which acts as a marker of “self” for the immune system and reduces uptake of the covered nanoparticles by macrophages due to binding SIRP (signal-regulatory protein) (Brown and Frazier, 2001). The increased half-life was not entirely abrogated upon blockade of CD47 by antibodies, however, suggesting involvement of other components which act as a shielding layer, e.g., the RBC glycocalyx, which was grafted in concert (Hu et al., 2013). In a different setup, adding an additional shielding layer by genetically engineering HEK293 (human embryonic kidney) cells to express PAS on their surface and grafting their membrane onto PLGA nanoparticles further increased the in vivo half-life in comparison to cell membranes without PAS (Krishnamurthy et al., 2019). For human use, such an approach naturally begs the question of how to handle immune reactivity from different blood groups or potential contamination by pathogens. One option may be the use of autologous erythrocytes for personalized nanoparticle coatings.



3.3. The PEG Dilemma and Stimulus-Responsive Release

Irrespective of the strategy chosen for the avoidance of renal clearance and the MPS, there is a disadvantage associated with the prevention of cellular interactions: After successfully evading phagocytosis along the way and having arrived at its destined site of action, for instance by virtue of the EPR effect, the nanoparticle in question is now incapable of efficiently interacting with its target cells, such as tumor cells (Mishra et al., 2004). Furthermore, their efficient endosomal escape is impeded, resulting instead in the delivery of the particles into the degradative lysosomal pathway (Remaut et al., 2007; Dominska and Dykxhoorn, 2010).

As such, different strategies have been developed to allow nanoparticles to shed their protective coat or release their cargo in order to facilitate efficient uptake by their target cells (Hatakeyama et al., 2011; Zhu and Torchilin, 2013). For this purpose, nanoparticles have been engineered with the ability to change their properties in a stimulus-dependent fashion. Broadly speaking, such approaches can be divided into two distinct categories: Intrinsic and extrinsic stimulus-responsiveness (Mura et al., 2013; Jin et al., 2019).

Intrinsic stimulation relies on locally variable environmental circumstances (for instance in the tumor microenvironment), such as pH, redox potential or enzymatic activity. Contrarily, extrinsic stimulus-responsive nanocarriers are intended to react to cues applied externally by the treating physician at a precisely defined location and/or time, for instance by exposure to light, heat, ultrasonication or a magnetic field. Combinatorial approaches make for a monumental number of possible systems. A few recent illustrative examples highlighting the breadth of potential mechanisms are given below; For a more thorough overview, the interested reader is referred to other excellent reviews on this topic (Mura et al., 2013; Wang and Kohane, 2017; El-Sawy et al., 2018; Jin et al., 2019).

Nanocarriers may react to stimulation, whether extrinsic or intrinsic, either by the release of the free, low molecular weight drug, by shedding of the shielding layer (allowing facilitated uptake of the drug-loaded nanocarrier), or by altering their properties, such as size or geometry. Variants which keep the nanocarrier intact but facilitate its uptake, and therefore enable delivery of a bulk payload to target cells, bear the potential of overcoming drug resistance in resilient malignancies by three mechanisms: First, nanoparticles can deliver their payload via the endocytic internalization pathway, thus bypassing drug efflux pumps, such as P-glycoprotein (P-gp), which are localized in the plasma membrane, or exceeding their capacity after release of the active compound from the endosomal system (Davis et al., 2008; Wang et al., 2014). Second, by loading nanocarriers with synergistic combinations of compounds, therapeutic efficacy can be higher than for the individual drugs, and the evolution of drug resistance can be slowed down or prevented (Parhi et al., 2012). This is the principle behind Vyxeos, a liposomally encapsulated combination of cytarabine and daunorubicin (Lancet et al., 2018). Third, inhibitors of P-gp can be co-loaded with the therapeutic drug and delivered in concert (Saneja et al., 2014), for example chemical inhibitors (Tang et al., 2016) or siRNA (Zhang et al., 2016).


3.3.1. Intrinsic Stimulation

Matrix-metalloproteinases (MMPs) are a family of proteases involved in the progression of cancer, for instance by releasing growth factors from the extracellular matrix, mediating angiogenic processes, or facilitating invasive and migratory phenotypes by carving a path through the matrix (Kessenbrock et al., 2010). By conjugating PEG to a peptide comprising the recognition sequence of MMP-2, the PEG layer was rendered cleavable in the presence of this protease. The conjugate was then coupled to a cholesterol anchor and inserted into the lipid bilayer of liposomes by post-insertion (Wan et al., 2013). Encapsulating adenoviral vectors in these liposomes allowed higher transduction efficiencies of an MMP-2 secreting tumor cell line when cleavable PEG was grafted on the liposomes, compared to non-cleavable PEG.

Due to oxidative stress in the tumor area, increased amounts of the reducing tripeptide glutathione have been reported there. To exploit this phenomenon, a reduction-sensitive PEGylated lipid (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, POPE), linking PEG to a glycerophospholipid via a disulfide bridge (POPE-SS-PEG5000) was synthesized. As a second stimulus-responsive component, a lipopeptide mimicking the triple-helical structure of collagen which was cleavable by MMP-9 was incorporated into liposomes (Kulkarni et al., 2014). Exposure of these liposomes to glutathione resulted in the shedding of the PEG layer, subsequently providing access to the MMP-9 cleavage site of the lipopeptide, which destabilized the triple helix and allowed release of liposomally encapsulated contents. Notably, the destabilization process increased the size of the vesicles, possibly owing to aggregation resulting from the destabilization. In a heterotopic murine model of the human pancreatic cancer cell line PANC-1, these double-responsive liposomes showed preferential release of carboxyfluorescein at the tumor site. When liposomes were loaded with gemcitabine, treatment with vesicles containing the lipopeptide resulted in a moderately larger reduction of tumor growth compared to liposomes not responsive to MMP-9.

The pH in malignant lesions is typically lowered compared to healthy tissues because of their heightened metabolic activity, allowing potential discrimination of the tissue disease state (Lee et al., 2008). Additionally, the intracellular space is reducing, in contrast to the oxidizing extracellular compartment. One example of a pH and redox dual responsive nanocarrier is the iCluster system developed by Li et al. (2016). They linked polycaprolactone (PCL) and polyamidoamine (PAMAM) with a pH-sensitive linker (2-propionic-3-methylmaleic anhydride; CDM). The resulting PCL-CDM-PAMAM polymer was conjugated to a platinum prodrug and co-assembled with a PEG-PCL heteropolymer. The complete nanocarriers were ~100 nm in size and exhibited a long plasma half-life by virtue of the incorporated PEG. Upon encounter of a slightly acidic milieu (pH 6.8), the CDM-based linker was cleaved, releasing substantially smaller PAMAM/Pt particles about 5 nm in size. The rationale behind this design was to facilitate diffusion through the tumor interstitium by size-reduction after accumulation at the site of interest via the EPR effect. The small particles were then taken up by cells and, upon encounter of the reducing conditions of the intracellular space, cisplatin was released from PAMAM/Pt, resulting in cytotoxicity. In murine models of heterotopic xenografts of Bx-PC3 human pancreatic tumor and a cisplatin-resistant A549R human lung tumor, the pH- and redox-sensitive cluster showed higher tumor growth inhibition and prolongation of survival compared to free cisplatin, PAMAM/Pt or a pH-insensitive cluster variant. An extension of median survival was also reported for an orthotopic allograft of the metastatic 4T1 mammary carcinoma.

A form of stimulus-responsiveness may also be involved in the mechanism of action of Doxil. Doxorubicin is remotely loaded into liposomes by means of an ammonium sulfate gradient, which allows the uncharged, unprotonated doxorubicin to diffuse through the membrane into the liposomal interior space, where a high ammonium sulfate concentration and low pH cause it to be protonated and form crystalline rods with the abundant sulfate ions (Haran et al., 1993; Wei et al., 2018). Extensive glutaminolysis at the tumor site could produce NH3, which diffuses through the liposomal membrane, receives a proton from doxorubicin-[image: image] and allows the now uncharged doxorubicin to diffuse out of the liposome again (Silverman and Barenholz, 2015).

For passively stimulated nanoparticles, no exogenous input is required, and consequently, no information about the localization of a lesion is necessary to induce release. However, this could simultaneously be considered a blessing and a curse, since precise yet uncontrollable perturbations are required for the systems' functionality. As outlined above for the EPR effect, such tumor-related phenomena can be highly heterogeneous (Marusyk and Polyak, 2010; Alizadeh et al., 2015).



3.3.2. Extrinsic Stimulation

Conversely, active triggering does rely on external application of a stimulus. This requires knowledge about the target's location and extent, which renders this approach problematic for the eradication of very small and dispersed metastatic foci, but offers promising perspectives for the treatment of localized sites.

After allowing sufficient time for accumulation at the tumor site, suitably designed nanocarriers can be externally stimulated to induce efficient cargo release or allow cellular uptake. Light is a highly attractive modality for targeted activation due to the high spatiotemporal resolution of the stimulus. UV light is sufficiently energetic to cleave chemical bonds. However, for light-regulated systems, low-energy light in the far-red or near-infrared (NIR) region of the spectrum is most desirable for biological applications because it exhibits the highest capacity to penetrate tissues and is less cytotoxic compared to light of shorter wavelengths. For applications for which a high input of energy is nonetheless desirable, upconversion nanoparticles (UCNPs) offer tempting possibilities by virtue of an anti-Stokes shift, which converts multiple low energy input photons to higher energy output photons (Wen et al., 2018).

Photodynamic therapy (PDT) is a treatment modality which relies on the generation of cytotoxic reactive oxygen species (ROS) by means of photosensitizers after light illumination (Lucky et al., 2015). PDT is clinically tested for the treatment of malignancies for example of the skin, bladder, or esophagus, which are situated in proximity to an interior or exterior body lining (and therefore allow external illumination), but is of limited efficacy when the tumor harbors hypoxic regions. Conjugating photosensitizers to nanoparticles can improve their pharmacokinetic profile and bestow additional functionalities upon them. In an intricate setup (Xu et al., 2018), micelles of CPP (which is the PEG-modified photosensitizer chlorin e6 conjugated to a non-cytotoxic platinum(IV) diazido complex) were associated with UCNPs, which can convert inbound 980 nm light to emissions of 365 and 660 nm. Illumination with 980 nm light lead to formation of cytotoxic Pt(II) and O2, allowing the generation of ROS even in the hypoxic tumor environment. The nanoparticles showed accumulation in the tumor and high anti-tumor activity in murine models of four different tumor cell lines upon illumination.

Shedding of PEG by NIR light was achieved by utilizing a UV-sensitive o-nitrobenzyl (Nbz) linker, connecting PEG to poly-β-aminoesters (PAE; PEG-Nbz-PAE-NBz-PEG). By incorporation of UCNPs, this setup allowed release of encapsulated doxorubicin in response to NIR illumination, which first led to removal of the PEG layer by the upconverted UV irradiation and also allowed cleavage of the pH sensitive PAE (Zhou et al., 2019).

To confer thermosensitivity on doxorubicin-loaded liposomes, a formulation that incorporated lyso-lipids into the phospholipid bilayer was developed (lyso-thermosensitive liposomes, LTSL; marketed as ThermoDox), which lowered the phase transition temperature and allowed rapid drug release (within 20 s) at moderately elevated temperatures of 39–40°C (Needham et al., 2000). Heating in situ can be achieved as a side-effect of radiofrequency ablation (RFA), which is based on the application of an alternating current to the tumor via an inserted probe. The invasiveness of this procedure depends on the route of access. In a clinical phase 3 study, LTSL were injected systemically to patients with unresectable hepatocellular carcinoma, and local release was induced by heating via RFA (Tak et al., 2018). An initial analysis did not find differences for overall or progression-free survival between patients treated with RFA and placebo, or with RFA and LTSL in combination. However, the original treatment protocol did not specify the exact duration of RFA treatment. When the analysis was restricted to patients who underwent RFA for more than 45 min, a significant improvement in overall survival was found for the RFA + LTSL arm. Since this analysis was performed post-hoc for hypothesis generation, a follow-up prospective study was planned and performed (NCT02112656), but results have not yet been made available.

In a phase 1 study with 10 patients suffering from primary or secondary liver tumors, the stimulus for heating in order to release doxorubicin from LTSL was applied externally by high-intensity focused ultrasound (HIFU), without the need for invasive placement of a probe, although the first part of the study employed an implanted thermosensor to allow tuning of the ultrasound parameters to appropriate levels (Lyon et al., 2018). Biopsies of tumor tissue were taken after infusion of LTSL, and again after application of the ultrasound pulse. After application of ultrasound, doxorubicin levels were on average 3.3 times higher than before, and doxorubicin fluorescence co-localized with the nucleus in tissue sections of the HIFU-treated biopsies. Tumor sizes were monitored by PET-CT after the intervention. In some patients, tumors which had not been targeted by HIFU were visible on the same imaging plane as targeted tumors. Crucially, the targeted lesions shrank more substantially compared to the untargeted lesions, demonstrating the efficiency of the stimulation approach in a clinical setting with visible benefits.





4. TARGETING

For cancer nanomedicine, directing severely toxic drugs to their site of action is a goal of utmost importance. Partially, this is achievable as a consequence of the EPR effect, however, as outlined above, relying exclusively on this phenomenon may be insufficient, and more advanced approaches are under investigation.

Employing magnetism to influence suitably responsive particles carries great potential for non-invasive interventions (Prijic and Sersa, 2011; Tietze et al., 2015). Of these, mainly superparamagnetic iron oxide nanoparticles (SPIONs) are investigated for diagnostic or therapeutic purposes, for instance as contrast agents for magnetic resonance imaging or to induce local heating for hyperthermic ablation of tumor cells or other thermoresponsive systems. Additionally, their unique properties allow them to be locally targeted by the application of an external magnetic field. After promising preclinical results, this magnetic drug targeting had entered clinical trials for hepatocellular carcinoma in the form of MTC-Dox (magnetically targeted carriers with doxorubicin), particles of about 0.5–5 μm in size (hence not strictly meeting classification as nanoparticles) and composed of iron and carbon to which doxorubicin was adsorbed passively (Rudge et al., 2001). However, a therapeutic trial was terminated due to not achieving preset endpoints (NCT00034333). Notably, to prevent clearance and systemic distribution, these studies involved administration of the particles via an intraarterial catheter of the tumor-feeding artery, where extravasation was then induced by placing a magnet above the abdominal wall.

Magnetic targeting continues to be explored for its potential to achieve high local drug loads. For instance, a study with rabbits found over 50% of the applied drug load in the tumor tissue after intraarterial administration and magnetic targeting of 200 nm lauric acid coated SPIONs loaded with mitoxantrone to a superficial tumor grafted in the hind legs (Tietze et al., 2013). Al-Jamal et al. used PEGylated (thus longer circulating) nanoparticles with oil cores and varying amounts of incorporated SPIONs to quantitatively study magnetic particle targeting after intravenous injection (Al-Jamal et al., 2016). Extrapolating their mathematical model from murine data to potential human use, they suggest magnetic targeting under their conditions to be sufficient to achieve targeting in clinical practice.

A hitherto unsolved challenge is the magnetic targeting of deep tissues, due to issues with focusing magnetic fields and rapidly decaying magnetic field strength with distance (Shapiro et al., 2015). As such, the majority of studies conducted so far have focused on superficial tumors, which are easily reached by placing a magnet adjacent to the lesion.

One more dimension is added by kinetic targeting, which takes exploitation of the EPR effect a step further: In a pilot study involving 12 breast cancer patients and 3 ovarian cancer patients receiving PEGylated liposomal doxorubicin (PLD), extracorporeal plasmapheresis was applied 42–48 h after PLD treatment to remove residual circulating liposomes (Eckes et al., 2011). The treatment substantially reduced the doxorubicin plasma AUC by 50% and helped to alleviate undesirable side effects, such as palmar-plantar erythrodysesthesia (PPE, or hand-foot syndrome). PPE is a typical adverse reaction to PLD due to its pharmacokinetic profile, which allows accumulation of the drug in the skin especially of the hands and feet, where lesions can occur, but this accumulation is slower in skin compared to tumors (Charrois and Allen, 2003). PPE can be dose-limiting in some instances. During a total of 57 cycles of PLD and plasmapheresis, PPE occurred only in a single patient, whereas previous comparable trials without plasmapheresis reported occurrence in a total of 8/33 patients. No occurrence of grade IV neutropenia was reported (previous studies: 8/33). These data suggest an improvement of the toxicological profile of PLD and possibly other nanosized drug formulations by reducing systemic exposure to these agents via plasmapheresis. The response rate to the treatment appeared to be comparable to previously conducted studies, but in this pilot study, no comparative arm without plasmapheresis was included.

In addition to the approaches described here, which aim at improving the accumulation of particles in the tumor tissue, the next step is to target particles to individual tumor cells to improve uptake and cargo delivery.


4.1. Targeting Nanocarriers to Cancer Cells

Achieving cell-specific delivery is pursued by grafting targeting molecules onto the surface of nanoparticles. Many different monoclonal antibodies binding to cell surface molecules upregulated on cancer cells are now in clinical use, and similar approaches have been exploited for use in nanomedicine. MM-302 was briefly described above: It is a PEGylated liposomal formulation of doxorubicin to which a single chain variable fragment (scFv) against HER2 is bound via PEG as a spacer (Miller et al., 2016). ScFvs are synthetic proteins of the variable regions of an antibody molecule connected by a short peptide linker. Importantly, they lack the Fc region which interacts with Fc receptors of many immune cell populations, and only harbor the targeting activity. Other targeting ligands also exploit the overexpression of cancer antigens, such as the folate receptor (folic acid conjugated particles, e.g., Lu et al., 2012; Tang et al., 2018) or the transferrin receptor (transferrin conjugated particles, e.g., Sarisozen et al., 2014; Wei et al., 2019). Transferrin is also under investigation as a ligand to induce transcytosis across the blood brain barrier, thus enabling cerebral delivery of nanotherapeutics (Ulbrich et al., 2009; Wiley et al., 2013; Clark and Davis, 2015). Furthermore, interaction between complementary DNA strands on liposomes and target cells were shown to improve delivery of the nanoparticles (Li et al., 2019), and grafting single-stranded DNA to antibodies facilitated their intracellular delivery in a sequence-independent fashion (Herrmann et al., 2019).

Alternatively, grafting complete cancer cell membrane fractions onto nanoparticles to allow homotypic interaction with the tumor cells by virtue of their adhesion molecules may be possible (Fang et al., 2014). This might enable more strictly personalized targeting, however, since a membrane source is required for such an approach, it would likely be reserved for accessible tumors in order to allow gathering sufficient material.

Although many preclinical studies report tremendously encouraging results using targeted nanoparticles, existing data also suggests heterogeneous efficacy of ligand-mediated targeting, where the targeting ligand was capable of improving cellular uptake and altering the uptake pathway (Pirollo and Chang, 2008; Clemons et al., 2018). However, localization of the particle to the tumor tissue was not necessarily improved, depending on particle size and the presence of PEG, with PEG potentially masking accumulation effects because of exploitation of the EPR effect (Pirollo and Chang, 2008; Choi et al., 2010). Moreover, caution should be exercised when extrapolating from in vitro to in vivo data, since the establishment of a biocorona can substantially impact targeting abilities (Salvati et al., 2013; Francia et al., 2019). The abrogation of targeting by serum protein binding can be alleviated by additionally grafting PEG, which is of lower molecular weight or length used to conjugate the targeting ligand to the particle surface. The polymer may then help to reduce fouling while not sterically hindering binding to the target molecule (Dai et al., 2014).

More recently, by using very small HER2-functionalized silica nanoparticles (~7 nm), tumor targeting efficiencies of 10.3–17.2% ID/g were achieved in murine xenografts of HER2-positive BT-474 tumors, compared to 3.3–6.1% ID/g for HER2-negative tumors or untargeted particles (Chen et al., 2018). However, their fate after accumulation in the tumor was not further followed.

To address this question, Dai et al. quantitatively investigated the effects of active targeting (Dai et al., 2018). Using gold nanoparticles conjugated to trastuzumab (a monoclonal antibody against HER2), they used different particle sizes and tumor models to measure particle distribution in tumor tissue. For an ovarian SKOV-3 cancer model, xenografted subcutaneously to murine hosts, 0.59% of the injected targeted particle dose reached the tumor, whereas this amounted to 0.25% of untargeted particles. These values were in line with a previous meta-analysis of preclinical models published by the group earlier, where the median accumulation of actively targeted particles was 0.9% ID, versus 0.6% ID for passively targeted particles (Wilhelm et al., 2016). Strikingly, they found that even for particles that reached the tumor site, these were much more likely to be stuck in the acellular matrix (typically over 90% of all particles) of the tumor, or to be engulfed by tumor-associated macrophages (TAMs), than to be taken up by cancer cells. Furthermore, the difference in the fraction of particles taken up by cancer cells was not statistically significant between targeted and untargeted nanoparticles (0.001 vs. 0.003% ID for targeted and untargeted, respectively), and neither was the difference in the fraction of tumor cells that engulfed particles (0.96 vs. 0.42% for targeted and untargeted, respectively). These results were corroborated by follow-up experiments using other tumor models. When nanoparticles which were targeted to folate instead of HER2 were investigated, TAMs still dominantly engulfed nanoparticles. The authors suggest that this observation is in line with the perivascular localization of TAMs, making them more likely to first capture incoming nanoparticles, thus acting as a filter before malignant cells have an opportunity for interaction.

Moreover, targeting may not always be favorable, depending on the carrier: When small polymeric nanoparticles (10 nm) were actively targeted to tumor endothelium by grafting of RGD- or NGR-peptides, they were found to accumulate much more strongly in the tumor tissue than their non-targeted counter parts at early time points, up to 4 h after injection, before the EPR effect became significant. However, for later time points (24–72 h), this trend was reversed, and the passively targeted carriers actually accumulated to a higher degree over time (Kunjachan et al., 2014). In this instance, the targeted carriers were also more likely to be found at off-target sites.

Since targeting moieties attached to a nanoparticle's surface typically induce receptor-mediated endocytosis, the next stage of the journey is the cellular vesicular system.



4.2. Escaping the Endosome and the Vesicular System

In Kafka's novel “The Trial,” the protagonist Josef K. is accused of committing an elusive crime, and subsequently desperately tries to navigate the intangible and confusing labyrinth of a convoluted court without ever reaching the higher tiers. It is a fate not quite unlike that of a nanocarrier, which, after finally reaching its target cell, has still not arrived at its ultimate goal.

Intact nanoparticles are principally believed to enter cells via the endocytic pathway, i.e., by attachment to the cell surface and subsequent incorporation into an intracellularly trafficked vesicle (Sahay et al., 2010; Zhang et al., 2015) (Figure 4). Roughly, endocytosis is divisible into two main branches (Dobrovolskaia and McNeil, 2007; Doherty and McMahon, 2009): Phagocytosis, which is the uptake of large particles or pathogens by specialized immune cells, and pinocytosis, which is the uptake of smaller particles and includes macropinocytosis and clathrin- or caveolin-dependent endocytosis.

Nanoparticle uptake depends on the dynamics of endocytosis, and on the dynamics of the attachment of particles to the cell surface. When nanoparticle uptake was investigated in two human cell lines using 8 nm quantum dots, the average number of nanoparticles found in a single endosome remained relatively constant with increasing concentration, however, the number of particle-containing endosomes was positively correlated with dose, at least in the range of doses and exposure times investigated (0.5–5 nM, and 0.5–2 h, respectively) (Rees et al., 2019).

Membrane scission of budding endocytic vesicle is typically induced by a family of dynamin GTPases. The primary vesicles then continue to fuse with early endosomes, which are the primary sorting station of the endosomal system and bear the potential to exclude a large fraction of incoming cargo by rerouting them toward exocytosis (Huotari and Helenius, 2011). Early endosomes mature to become late endosomes, with a concomitant drop in pH by the action of V-type ATPases, and eventually fuse with lysosomes, forming endolysosomes where enzymatic degradation of a variety of cargoes, such as nucleic acids, lipids and proteins occurs. The importance of these routes varies for different nanoparticle formulations: Stimulus-responsive systems which culminate in release of the free drug molecules at the disease site do not require endosomal escape, if the drug can diffuse across membrane barriers. However, for example for delivery of siRNA or DNA, the carrier has to be engulfed whole and needs a way to deliver its payload to the cytosol to prevent lysosomal degradation.

As briefly mentioned above, a large fraction of incoming cargo never proceeds very far into the endosomal system. For instance, for lipid nanoparticles (LNPs) intended for the delivery of siRNA, it was found that they entered cells via macropinocytosis, but about 70% of them were recycled and exocytosed by a mechanism involving the Niemann-Pick type C1 (NPC1) protein, which is a protein linked to a form of lysosomal storage disease (Sahay et al., 2013). Another study underscores that endosomal escape is an inefficient process: When siRNA-carrying lipid nanoparticles were traced, <2% were successful in reaching the cytosol (Gilleron et al., 2013).

Delivery of nucleic acids is often achieved by utilizing cationic polymers or lipids, such as poly(ethylene imine), which form complexes with the negatively charged phosphate backbone. The resulting polyplexes are believed to escape the endosome by exerting a “proton sponge” effect, in which the basic polymers buffer the proton influx during the acidification process, leading to a subsequent influx of chloride ions with a consequent endosomal swelling and rupture. However, this proposed mechanism is not undisputed and destabilization of the vesicular membrane by interaction with the polymer was proposed to induce endosomal leakage (Bus et al., 2018; Vermeulen et al., 2018).

Cationic lipid-based vesicles were more prone to aggregate in serum compared to their neutral counterparts, resulting in reduced tumor penetration and toxic side effects (Fischer et al., 2003; Zhao et al., 2011). Many approaches have been pursued to upgrade other materials with the capacity to effectively penetrate the endosome by swelling, membrane disruption, or potentially the proton sponge effect (Cupic et al., 2018; Smith et al., 2019). Many of these strategies rely on disruption of membrane integrity when the pH is lowered below physiological levels of the extracellular space, which might be hampered in the case of cancer nanomedicine due to the aforementioned lowered extracellular pH.

Even after successful endosomal escape, autophagy may pose a potential additional barrier. Autophagy (or, more precisely, macroautophagy, to distinguish this process from other forms of autophagy) is a cellular self-digestion mechanism which is induced upon starvation conditions to mobilize carbohydrates, lipids and proteins, but also contributes to the removal of damaged organelles (Levine et al., 2011). It involves the generation of a double isolation membrane (the phagophore) which encloses putative cargo and seals to form the autophagosome, which then fuses with lysosomes. In the resulting autolysosome, the vesicular contents are degraded. Cationic gene delivery polyplexes and liposomes were shown to be captured in autophagosomes, and in cells deficient for atg5 (an essential regulator of autophagy), gene delivery was increased by a factor of eight (Roberts et al., 2013). Nanoparticles could also be captured by autophagosomes when they entered the cells via microinjection, bypassing the endosomal system, which suggests that once-escaped carriers may be removed from the cytosol again, limiting their time to perform a biological function (Remaut et al., 2014). Inhibition of autophagy by chloroquine was also reported to result in slower tumor growth of docetaxel-loaded PLGA nanocarriers (Zhang et al., 2014). However, because autophagy inhibitors are also investigated as cancer therapeutics (Kimura et al., 2013), it is unclear whether this was a result of a synergistic effect between the compounds leading to more efficient retention of the nanocarriers, or simply an enhancement by employing combination therapy. On the other hand, no major influence of atg5 on knockdown efficiency was seen in a study involving LNPs and siRNA (Sahay et al., 2013).



4.3. Entering the Nucleus

Contrary to siRNA or mRNA, which can perform their function in the cytosol, DNA has to enter the nucleus to be transcribed. For the delivery of DNA, there are currently no approved non-viral vectors available, although clinical trials are in progress and intense research is underway, because synthetic alternatives promise advantages, such as reduced immunogenicity and oncogenic potential, as well as increased packaging capacity (Yin et al., 2014). Delivery of coding DNA is an attractive prospect for the generation of therapeutic proteins, such as monoclonal antibodies in the body of the patient, thus minimizing the tremendous costs associated with formulation, production, quality control and repeated administration of protein drugs (Deal and Balazs, 2015). For this purpose, intramuscular injections can be employed. Here, the physical availability of the target site allows efficient transfection by electroporation, but this is not possible for tumors or internal organs, such as the liver (Hollevoet and Declerck, 2017). For gene delivery into dividing cells, the DNA has the chance of entering the nucleus when the nuclear envelope is fragmented for mitosis. For post-mitotic cells, this is not an option. Furthermore, the passive diffusion of intact nanoparticles within the cytosol is minimal, as revealed by single-particle tracking (Remaut et al., 2014).

When the mechanism of DNA delivery by polyamine-containing agents was investigated, contributions of nuclear envelope permeabilization (consistent with their proposed action of endosomal permeabilization) and microtubule-directed transport were found, as well as dependency on cytosolic factors (Grandinetti and Reineke, 2012).

Apart from gene therapy approaches, other medications might also benefit from nuclear localization, such as anthracyclines, which exert their effects in the nucleus. The nuclear envelope is interspersed with nuclear pore complexes. They allow passive transport by diffusion of small molecules, but macromolecules require an active mechanism to be translocated because strings of phenylalanine- and glycine-rich repeats block the pores (Strambio-De-Castillia et al., 2010). For endogenous proteins, this is achieved by a nuclear localization sequence (NLS) which engages the importing machinery. In the realm of nanoparticles, gold nanoparticles of ~25 or 30 nm were modified with an NLS peptide to target them to the nucleus. Utilizing confocal microscopy, the particles were either found within the nucleus (Kang et al., 2010), or in the perinuclear region (Ali et al., 2017). Even such a perinuclear localization, however, would probably be quite efficient because it minimizes the necessary diffusion length of the cargo. With chitosan nanoparticles, heterogeneities in nuclear targeting deliveries were revealed: small particles of 25 nm entered the nucleus without the aid of an NLS. In non-malignant cell lines, 150 nm particles modified with low densities of NLS were more efficient at localizing nuclearly, whereas in a glioma cell line, this was most efficient for unmodified NPs, due to dysregulation of the nuclear import pathway (Tammam et al., 2017).

For nanoparticles, other approaches were also investigated, relying for instance on the HIV-derived Tat peptide which mediates nuclear import differently than the typical NLS-dependent mechanism and can deliver nanoparticles up to 90 nm into the nucleus (de la Fuente and Berry, 2005; Nitin et al., 2009). Functionalization of silica nanoparticles with the Tat peptide enabled them to enter the nucleus, whereas particles without Tat did not cross the nuclear envelope (Pan et al., 2013). Alternatively, modification of gold nanostars with the nucleolin-binding DNA aptamer AS1411 led to nuclear entry and morphological alterations of the nuclear envelope (Dam et al., 2012).

Finally, attempts at subcellular targeting are not limited to the nuclear compartment: Instead, approaches were developed, for example for targeting mitochondria, the endoplasmic reticulum or lysosomes, to deliver cargo precisely to its site of action (Jhaveri and Torchilin, 2016; Ma et al., 2016).




5. CONCLUSIONS

A principal attribute when discussing nanomedicine, emerging again and again at all levels and stages, is “heterogeneity.” As such, precisely delivering a nanotherapeutic agent exactly to where it needs to be to exert its maximal efficacy is a monumentally challenging and complex task, requiring the collaborative expertise from many different disciplines, including medicine, biology, chemistry, physics, the materials sciences, and engineering. Numerous barriers must be overcome before a cargo is finally delivered. Considerable progress has been made, but we are not quite there yet. Although there are strategies in place for tackling barriers during individual stages of this process, an integrated approach will require new and ingenious solutions to advance the field of nanomedicine beyond its current state. Current formulations often profoundly improve the toxicity profile of a drug, but do not substantially increase overall survival of a patient population (Petersen et al., 2016). Doxil, for instance, dramatically reduced the cumulative cardiotoxicity compared to free doxorubicin, whereas treatment efficacy was comparable between both groups in the treatment of metastatic breast cancer (Safra et al., 2000; O'Brien et al., 2004). To have a chance of entering clinical trials and becoming reliable tools, nanomedicines must be capable of overcoming the astounding complexity of their sites of action and the plethora of challenges these impose. At the same time, they must be sufficiently simple in their formulation and design to allow large-scale production. Unifying these opposing requirements will be difficult, but allow strides toward the advancement of science and medicine.
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